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THE EFFECTS OF RECYCLING ON THE HYGROEXPANSMTY 
OF THERMOMECHANICAL PULP 
The objectives of this thesis were 1) to determine the effects of recycling and 
increased drying temperature on the hygroexpansivity of the fibers and 2) to 
investigate the role of beating on the hygroexpansivity of the fibers . 
A never-dried thermomechanical pulp was obtained and separated into three 
samples. Handsheets were produced, dried, and placed in a conditioning room. 
Sample one was air dried (77°F), sample two was dried at 155°F and sample three was 
dried at 250°F, respectively. Five handsheet samples at each varying temperature 
were taken and the hygroexpansivity was tested and calculated for each sheet using the 
equation BC= I::::. LIL. B is the hygroexpansivity coefficient, C is the moisture content 
determined by W-Wo/Wo, where Wis final weight of saturated sample after 
hygroexpansivity test and Wo is initial O.D. weight of sample. LlL/L is defined as the 
strain of the sample. After testing the hygroexpansivity of the sheets, the samples 
were repulped in a British Disintegrator to resemble the recycling process. Once 
disintegrated, a series of handsheets were again made for each respective temperature, 
continuing for three recycles. 
The effects of beating on the hygroexpansivity of the sheet were also investigated. 
The freeness of the thermomechanical pulp was initially determined and handsheets 
were made and dried at 250°F, then tested for hygroexpansivity. Once tested, the 
sheets were disintegrated following the aforementioned process. The pulp was then 
taken to a PFI mill and beaten to the initial freeness of the pulp before recycling 
occurred. Again, after the series of recycling and beating, the sheets were tested for 
hygroexpansivity. Four recycles were completed. 
It was determined that as the number of recycles and drying temperature increased, 
the hygroexpansivity of the sheets decreased, becoming more dimensionally stable. 
Recycling and drying caused an increase of the crystalline region and hardening of the 
fibers. The fiber absorbed less water, therefore, causing the sheet to react less to the 
rising humidity. 
The effects of beating on the hygroexpansivity were very peculiar. In the past, 
when chemical pulps have been tested the hygroexpansivity of the pulp increased with 
beating due to fibrillization of the fibers exposing the region of the fiber that is 
hydrophilic causing dimensional instability. For the mechanical pulp tested, as beating 
was instituted, the hygroexpansivity of the sheet actually decreased, meaning increased 
dimensional stability. This trend was true for each of the recycles, which is exactly 
opposite of what is believed. This may be attributed to the lignin and hemicelluloses 
present in mechanical pulps, which are not present in chemical pulps. 
INTRODUCTION 
Much of the current drive to increase the utilization rate of recovered paper is a 
reaction to the solid-waste disposal dilemma that faces U.S. municipalities (1). 
Increased domestic demand and continuing strong exports will cause U.S. recovery of 
recovered paper to grow by 6% annually from 1992 to 2006 (1). Because of this 
anticipated growth, more research has to be done on recycled fibers. 
Generally, it has been observed that the use of recycled fibers produces papers with 
lower mechanical properties. This may be attributed to the length of the fibers, which 
is known to play an important role in the development of paper strength. In the 
recycling process, the fibers become stiffer, therefore, refining shortens them. 
Most of the research and testing that has been done on recycled fibers use chemical 
pulping. In chemical pulping, the wood chips are cooked with appropriate chemicals 
in an aqueous solution at high temperatures and pressure. The objective is to dissolve 
away the lignin and leave behind most of the cellulose and hemicelluloses. In turn, this 
gives low yield, but the pulp itself is usually very strong. In mechanical pulping, fibers 
are removed by shredding and defibering chips of wood between the rotating discs of a 
refiner. This gives a weaker sheet, but most important, the lignin and hemicelluloses 
are present. 
The objective of the thesis was to determine the effects recycling had on the 
hygroexpansivity of mechanical pulp. Testing has not been done with mechanical 
pulps because it is not known what role the lignin and hemicelluloses play, whereas in 
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chemical pulps, results are more straightforward due to the absence of lignin and some 
hemicelluloses. 
Another variation in this thesis was to study the effects of temperature on the 
hygroexpansivity. Drying at high temperatures causes the fibers to become harder and 
stiffer known as hornification. This implies an increase in plasticity or reduced 
swelling which relates directly to hygroexpansivity. 
The final varied condition was beating and its effects on hygroexpansivity. It is 
known that for chemical pulps when beating is added, the fibers absorb more water, 
which leads to less dimensional stability. 
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BACKGROUND INFORMATION 
The main component of papermaking pulps is cellulose and in high-yield pulps 
much of the other wood constituents are also present (2). Differences in the lignin 
content, alpha cellulose, or percent extractives all contribute to differences in pulp 
yields and properties (3). 
In chemical pulps, the wood chips are cooked with appropriate chemicals in an 
aqueous solution at an elevated temperature and pressure (1). The objective is to 
degrade and dissolve away the lignin and leave behind most of the cellulose and 
hemicelluloses in the form of intact fibers (2). In application, chemical pulping 
methods are successful in removing most of the lignin, but they also degrade and 
dissolve a certain amount of the hemicelluloses so that yield is relatively low. The 
disadvantage of chemical pulping is the substantial yield loss in spite of the complex 
technology used and the high capital and operating costs (3). 
Mechanical pulping involves shredding and defibering chips of wood between the 
rotating discs of a device called a refiner, the product is known as refiner mechanical 
pulp. Most new installations now employ thermal and/or chemical presoftening of the 
chips to modify both the energy requirement and the resultant fiber properties (2). 
Mechanical pulping processes have the advantage of converting up to 95% of the dry 
weight into pulp (2). The pulp forms a highly opaque paper with good printing 
properties, but the sheet is usually weak and discolors easily if exposed to light. 
Mechanical pulps retain all the lignin and hemicelluloses due to the absence of 
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chemical treatment. 
Moisture content is the amount of moisture in paper depending on the temperature 
and relative humidity of the air surrounding the paper. When paper is exposed to a 
given atmosphere it will either absorb or desorb moisture until an equilibrium 
condition is reached (3). Almost all properties of paper are affected by the amount of 
moisture present in the paper. 
Hygroexpansivity refers to the dimensional changes that occur when paper is 
exposed to varying relative humidities. It is determined by using the equation 
BC= 6L/L. In this equation, B is hygroexpansivity coefficient, C is moisture content, 
and 6L/L is strain. Moisture content is determined by W-Wo/Wo, where Wis the 
final weight of the saturated sample after four hours and Wo is the initial O .D. weight 
of the sample. Over the range of relative humidities, these changes are typically a few 
tenths of a percent in he machine direction of the paper, and 1 % or more in the cross 
direction (3). The property is usually measured in an instrument that generates a 
number of different relative humidities. The test specimens need to be exposed to each 
humidity long enough to achieve equilibrium dimensions. Depending on the moisture 
sorption rate, the time varies. 
Hygroexpansivity of paper can be divided into a recoverable and a non-recoverable 
component (3). The recoverable component is that related to the normal shrinking and 
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swelling of fibers with variations in moisture content. The non-recoverable component 
is that related to the relaxation of dried-in strains in the paper (3) 
Many people have examined what might be considered fundamental problems in 
recycling, how fibers are effected by recycling processes and what effect their response 
has on the properties of paper made from these fibers. Most of the furnishes studied 
have been unbleached chemical pulps (1). It was observed that there were usually 
slight increases in tear, light-scattering, and opacity. The first recycle caused the most 
change in any property. 
Most physical properties stabilize after more than four recycles (1). Stock freeness 
generally showed a slight increase, provided that the pulp was not rebeaten to restore 
its physical properties. The main contributing factor to the change in sheet properties 
is the reduced bonding ability of the fibers. Reduced bonding has been described as 
irreversible hornification, which implies a stiffening or hardening of the fiber ( 1 ). It is 
suggested that the loss of fiber flexibility and plasticity is due to the reduced swelling 
capacity of the fiber. 
Beating refers to the mechanical action of rotating bars opposing a stationary bed 
plate on a circulating fiber suspension where the individual fibers are oriented 
perpendicular to the bars. The initial beating action is to partially remove the primary 
wall layer of the fiber. Although the primary wall is permeable to water, it does not 
swell and prevents the fiber from swelling. Removal of the primary layer exposes the 
secondary wall and allows water to be absorbed into the molecular structure. The 
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loosening of the internal structure that follows promotes fiber swelling and renders the 
fiber soft and flexible (2). This so called " internal fibrillation" is generally regarded as 













A thermomechanical pulp was obtained at a Canadian Standard Freeness (CSF) of 
about 122. The consistency of the pulp was taken and three groups of 50 handsheets 
were made on a British hand sheet machine at a target weight of two grams. Each one 
of the three groups of handsheets were dried at a different temperature. The first 
group was dried at room temperature at 50% relative humidity. The second group 
was dried using a lab dryer can at 15 5°F. The third group was dried using the same 
lab drier except this time the sheets were dried at 250°F. 
Once dried, a series of five handsheets for each temperature were chosen and cut 
into one inch by six inch strips. The strips were then placed in a laboratory oven to 
insure no moisture was present in the strips and weighed before being placed in the 
hygroexpansi-meter. Once taken out of the oven, the strips were weighed and placed 
in the hygroexpansivity unit in Figure A. The strips were fastened to the top portion 
of the hygroexpansi-meter with clips and on the bottom with a hook attached to a level 
as seen in the aforementioned figure. The hygroexpansi-meter was then sealed. A 
reservoir beneath the hygroexpansi-meter contained a Barium Chloride salt solution. 
The purpose of this salt solution was to act as a humidifying agent for the 
hygroexpansi-meter. Barium chloride salt solution was chosen due to the fact that it 
would not allow the relative humidity within the enclosed meter to rise to 100 percent. 
The clips which the top of samples were fastened to were attached to micrometer 
on the top of the hygroexpansi-meter. Once the meter was sealed, the micrometer on 
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top were adjusted so that the level bubble below was right at the level position. The 
hygroexpansi-meter was plugged in and a pump circulated the barium chloride salt 
solution to raise the relative humidity. After one hour the samples began to change, 
therefore, adjusting the micrometers to get the sample back to the level position was 
necessary. The amount the micrometers were adjusted was recorded as the strain. 
Readings were again taken after two, three, and four hours. The significance of the 
four hour time period was this is the amount of time it took the barium chloride 
solution to reach its peak relative humidity. After the four hour time period, the 
samples were taken out of the hygroexpansi-meter and weighed. A calculation was 
then done to determine the percent moisture of the six inch by one inch strip. 
Hygroexpansivity was then determined by the equation BC= ll. LIL where B is the 
hygroexpansivity coefficient, C is the percent moisture in the strip, and 6. LIL is the 
strain of the sample strip. 
Once the hygroexpansivity was determined, the sample strips were disintegrated in 
a British disintegrator and recycled. As previously mentioned, this was done for each 
series of strips at each one of the drying temperatures. Each sample at the varied 
drying temperatures was recycled three times. 
In a different instance, another sample of the same type of thermomechanical pulp 
was taken. Again, following the same procedure mentioned above, the sheet was 
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dried at 250°F and then cut into strips for hygroexpansivity testing. This time 
following the hygroexpansivity test, however, the sample was beaten back down to the 
122 CSF that the pulp initially came in at with a PFI mill. With this a comparison 
could be made between the hygroexpansivity of the sheet dried at 250°F and three 
recycles and the hygroexpansivity of the sheet dried at 250°F with beating after each of 
the three recycles. Again, the sheets were recycled using a British disintegrator 
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FIGURE 9 
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FIGURE 10 
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DISCUSSION OF RESULTS 
Figure 1 shows the hygroexpansivity of the three drying temperatures as recycles 
increased. As the number of recycles increased the air dried sample's 
hygroexpansivity began to increase. The reason for this may have been the fact that 
air drying a sample may not have caused the hornification usually found after the sheet 
is recycled. So in this case, the sheet actually became less dimensionally stable due to 
the increased number of recycles. The crystalline region of the fibers was actually 
decreasing. This has never been witnessed before in the study of mechanical pulps nor 
in chemical pulps. Also shown in Figure 1 are 155°F and 250°F drying. The initial 
hygroexpansivity of these strips was very high, meaning the strips were dimensionally 
unstable. As the numbers of recycles increased the hygroexpansivity of the samples 
steadily decreased. This was expected, due to the fact that, as the number of recycles 
and drying temperatures increased there was hardening of the fibers which limited the 
ability of the fibers to accept water and swell. This meant increased dimensionally 
stability of the sheet. The samples dried at 250°F had an even more adverse effect on 
the fibers than the 155°F sample, again directly related to the hardening of the fiber 
and the increase of the crystalline region of the fiber due to the extreme heat of the 
dryer can. 
Figure 2, Figure 3, and Figure 4 all show that again the hygroexpansivity of the 
air dried sheets continued to increase as the number of recycles increased. The 
number of recycles did not have the adverse effect on the sheet dried at room 
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temperature. Like before, with the 155°F and 250°F samples, the hygroexpansivity 
decreased as the number of recycles increased. The samples became more 
dimensionally stable as the recycles increased with the higher drying temperatures. 
This may prove that the number of recycles may not have effected dimensional stability 
of the sheet, but the drying temperature itself may have been the only contributing 
factor. The higher temperatures caused the stiffening and hardening of the fibers that 
would not allow the swelling, therefore, decreased dimensional stability. 
Figure 5 shows the strain compared to the percent relative humidity after 0 
recycles and after 3 recycles. As expected, for the first hour the strip absorbed a large 
amount of water because the strip was oven dried, then after an hour relative humidity 
was suddenly increased. After the initial hour the sheets strain still increased, but not 
nearly at the same rate as the initial time period. The trend observed in Figure 5 was 
that even though the sample was air dried in this case, the strain decreased as the 
number of recycles increased. This indicates that there was some change in the 
dimensional stability caused by increasing recycles. Therefore, it can be concluded 
that the increased recycles in fact did cause some hardening or reducing of the 
amorphous region of the fiber. 
Comparing the strains of Figure 5 and Figure 6 shows that the 155°F had 
decreased strain values throughout. This was expected due to the higher drying 
temperature causing hardening of the fibers and increased the crystalline region of the 
fiber. As in the air dried sample, when the number of recycles increased, the amount 
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the strain value increased slowed down. The higher drying temperature increased the 
dimensional stability of the paper causing less water sorption. 
In Figure 7, the strain values of the 250°F sample were lower than the strain values 
of both the air dried and 155°F strips. This proved that as the drying temperature 
increased the destruction of the fibers amorphous region increased. The bonding 
potential of the fibers decreased as the dimensional stability increased. 
Figure 8 shows the hygroexpansivity compared to the number of recycles with 
beating after one hour in the hygroexpani-meter. Drying at 250°F and with the 
absence of recycling the initial hygroexpansivity was relatively high, meaning less 
dimensional stability. As the number ofrecycles increased, the hygroexpansivity 
continually decreased as expected. The combination of high temperature drying and 
increased number of recycles caused hornification, the hardening and stiffening of the 
fibers. In tum, the dimensional stability of the strip was increased. With the addition 
of beating, the hygroexpansivity was much lower initially and throughout. This was a 
substantial finding. In chemical pulps, beating caused the dimensional stability to 
decrease. The roughing up action caused fibrillation of the fibers increasing the 
swelling capacity of the fibers therefore causing the hygroexpansivity to increase. In 
this case, the exact opposite trend existed. The beating caused the sheet to become 
more stable. The only explanation may lie within the fibers themselves. In chemical 
pulps the lignin and hemicelluloses are reduced while in mechanical pulps the lignin 
and hemicelluloses remain. The remaining lignin and hemicelluloses may have in some 
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way stabilized the samples, allowing less sorption causing more dimensional stability. 
In Figure 9 the initial hygroexpansivity with no beating is again high. After each 
recycle the hygroexpansivity again decreased, as expected. As before, with the 
addition of beating, the hygroexpansivity leveled off at a low value, meaning it was 
more dimensionally stable, the opposite of what was believed. The use of beating 
somehow caused the sheet to stabilize. The lignin and hemicelluloses present 
somehow prohibited the beating from increasing the swelling of the fibers. The same 
trend continued for Figure 10 and Figure 11 . 
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CONCLUSION 
As the number of recycles increased, the hygroexpansivity of the air dried sample 
actually increased. This means the sample actually became less dimensionally stable. 
As the number of recycles increased, the hygroexpansivity should have decreased due 
to hornification that occurs with recycling, but for the air dried sample it did not. This 
may mean that recycling itself may not have lead to the reduction of the amorphous 
regions of the fibers. It was shown later in the Figure 5, Figure 6, and Figure 7, that 
as the recycles increased the strain decreased. After three recycles the strain values 
were noticeably less than after no recycles. This means that there was some reduction 
of swelling and increased dimensional stability as recycling increased, like expected. 
This trend was even more prevalent with the 155°F and 250°F samples. The fibers 
stiffened and hardened as recycling and drying temperature increased, reducing strain. 
When the drying temperature increased there was a noticeable difference between 
the hygroexpansivity of the air dried sample and the 155°F and 250°F sample. The 
higher drying temperatures caused the hygroexpansivity to decrease, meaning the sheet 
became more dimensionally stable. This was due to the hardening and stiffening of the 
fibers and the reduction of the amorphous regions of the fiber. The higher drying 
temperature actually melted the fiber increasing the crystalline regions. 
It was also observed, that with the addition of beating, the hygroexpansivity of the 
pulp actually decreased. This is a very critical phenomenon. For chemical pulps, the 
beating caused fibrillation which increased the swelling capacity of the fiber, increasing 
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the hygroexpansivity, decreasing the dimensional stability. For this thermomechanical 
pulp, the hygroexpansivity actually decreased with the addition of beating. The 
dimensional stability increased instead of decreased. This may have been due to the 
presence of the lignin and hemicellulose found in mechanical pulps. The lignin and 
hemicelluloses reduced the effect of beating and caused the fibers to stabilize and not 
swell as much. This is a significant finding. 
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RECOMMENDATIONS 
Continuing research must be done on the effect that beating had on the 
hygroexpansivity of the mechanical pulp. If this can be substantiated and made 
concrete, this finding will be of great importance to the paper industry. 
Further research could be done by using the same experimental design as this 
thesis, but incorporate beating in after each of the three varied drying temperatures. If 
it follows the same trend as this thesis, that would be concrete evidence that this 
phenomenon actually occurs in mechanical pulps. 
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Appendix 1 
250 deg. Fahrenheit 
micrometer measurements 
hours 
O recycles initial 1 2 3 4 
Sample 1 0.015 0.045 0.078 0.082 0.084 
Sample 2 0.043 0.078 0.11 0.114 0.117 
Sample 3 0.026 0.084 0.093 0.098 0.102 
Sample 4 0.0016 0.02 0.025 0.031 0.033 
Sample 5 0.042 0.065 0.072 0.075 0.077 
1 recycle 
Sample 1 0.013 0.045 0.051 0.055 0.056 
2 0.023 0.049 0.056 0.061 0.063 
3 0.007 0.037 0.045 0.052 0.056 
4 0.077 0.082 0.087 0.09 0.093 
2 recycles 
Sample 1 0.031 0.064 0.073 0.078 0.081 
2 0.127 0.158 0.165 0.17 0.172 
3 0.057 0.085 0.092 0.096 0.099 
4 0.055 0.086 0.093 0.097 0.099 
5 0.044 0.077 0.082 0.085 0.086 
3 recycles 
Sample 1 0.046 0.067 0.072 0.075 0.077 
2 0.059 0.083 0.088 0.091 0.094 
3 0.141 0.164 0.171 0.174 0.176 
4 0.116 0.14 0.146 0.15 0.153 
5 0.075 0.1 0.104 0.107 0.109 
Appendix 2 
155 deg. Fahrenheit 
micrometer measurements 
hours 
0 recycles initial 1 2 3 4 
Sample 1 0.085 0.112 0.119 0.123 0.126 
2 0.036 0.071 0.082 0.09 0.095 
3 0.066 0.097 0.108 0.115 0.12 
4 0.111 0.148 0.157 0.163 0.167 
5 0.113 0.149 0.158 0.164 0.167 
1 recycle 
Sample 1 0.015 0.047 0.06 0.068 0.072 
2 0.036 0.069 0.076 0.084 0.089 
3 0.029 0.066 0.077 0.086 0.09 
4 0.004 0.036 0.05 0.059 0.064 
5 0.082 0.127 0.145 0.155 0.16 
2 recycles 
Sample 1 0.09 0.12 0.128 0.132 0.134 
2 0.209 0.235 0.241 0.245 0.247 
3 -0.024 0.005 0.017 0.017 0.019 
4 0.059 0.085 0.092 0.096 0.098 
3 recycles 
Sample 1 0.016 0.043 0.052 0.057 0.06 
2 0.147 0.174 0.182 0.188 0.091 
3 0.1 0.13 0.141 0.146 0.148 
4 0.216 0.24 0.25 0.254 0.256 
Appendix 3 
air dried sample 
micrometer measurements 
hours 
0 recycles initial 1 2 3 4 
Sample 1 0.019 0.033 0.036 0.038 0.039 
2 0.0023 0.013 0.017 0.019 0.02 
3 0.032 0.134 0.141 0.15 0.155 
4 0.149 0.187 0.189 0.19 0.191 
1 recycle 
Sample 1 0.086 0.103 0.105 0.107 0.108 
2 0.096 0.128 0.137 0.145 0.152 
3 -0.019 0.008 0.01 0.011 0.012 
4 0.047 0.07 0.073 0.076 0.078 
5 0.09 0.106 0.108 0.11 0.112 
2 recycles 
Sample 1 0.007 0.031 0.036 0.038 0.039 
2 0.015 0.042 0.046 0.049 0.05 
3 0.015 0.037 0.042 0.044 0.046 
4 0.054 0.077 0.081 0.083 0.084 
3 recycles 
Sample 1 0.127 0.156 0.161 0.164 0.166 
2 0.149 0.182 0.188 0.191 0.193 
3 0.059 0.086 0.093 0.094 0.095 
4 0.186 0.213 0.217 0.218 0.219 
Appendix 4 
250 deg. with beating 
micrometer measurements 
hours 
0 recycles initial 1 2 3 4 
Sample 1 0.015 0.045 0.078 0.082 0.084 
2 0.043 0.078 0.11 0.114 0.117 
3 0.026 0.084 0.093 0.098 0.102 
4 0.0016 0.02 0.025 0.031 0.033 
5 0.042 0.065 0.072 0.075 0.077 
2 beats 
Sample 1 0.021 0.043 0.051 0.057 0.059 
2 0.024 0.047 0.063 0.072 0.077 
3 0.074 0.104 0.114 0.12 0.123 
4 0.142 0.171 0.18 0.184 0.186 
3 beats 
Sample 1 0.052 0.08 0.086 0.09 0.092 
2 0.088 0.11 0.115 0.119 0.12 
3 0.062 0.09 0.096 0.1 0.102 
4 0.025 0.049 0.055 0.058 0.06 
5 0.011 0.038 0.044 0.048 0.05 
4 beats 
Sample 1 0.066 0.09 0.093 0.095 0.096 
2 0.072 0.098 0.1 0.103 0.104 




% moisture 1 hour 2 hours 3 hours 4 hours 
A.O. initial 11 .7 0.029 0.034 0.037 0.04 
A.O. 1 recycle 12 0.028 0.033 0.037 0.041 
A.O. 2 recycles 12.5 0.032 0.039 0.042 0.043 
A.O. 3 recycles 14.8 0.033 0.039 0.041 0.043 
155 deg . initial 6.5 0.085 0.109 0.125 0.135 
155 deg. 1 recycle 9.5 0.063 0.087 0.102 0.111 
155 deg. 2 recycles 8.6 0.053 0.07 0.076 0.079 
155 deg. 3 recycles 7.6 0.059 0.081 0.091 0.096 
250 deg. initial 6.7 0.082 0.124 0.135 0.163 
250 deg. 1 recycle 8 0.061 0.076 0.087 0.092 
250 deg. 2 recycles 8.8 0.059 0.074 0.082 0.086 
250 deg. 3 recycles 14.2 0.027 0.034 0.037 0.04 
no beating 13.5 0.041 0.062 0.065 0.069 
2 beats 12.5 0.035 0.049 0.057 0.061 
3 beats 11 0.038 0.047 0.053 0.056 
4 beats 10.5 0.041 0.044 0.049 0.051 
